An extension of the modified-Oseen method of Carrier, based on the linearization of the viscous term of the von Mises transformation, is presented. The method is employed to determine the velocity field associated with the laminar axisymmetric jet flow of a compressible gas with an arbitrary but constant external flow. The approximate solution is shown to be in good agreement with the exact numerical calculation of Pai.
1. Introduction.
In many boundary layer problems it is not possible to make the assumption of flow similarity. The solution in these cases can be obtained either by laborious finite difference techniques or by resort to approximate solutions. Carrier and Lewis [1] , and more recently Carrier [2] , have suggested a method of obtaining approximate solutions to problems involving convection and diffusion. This method, termed by Carrier "the modified-Oseen method", overcomes an essential difficulty of integral methods, namely, the generation of reasonable profiles. It is well known that the integral method gives accurate results only if the analytical profiles represent closely the true profiles. According to the modified-Oseen method the convective operator in the original partial differential equation is replaced by a linear one. The resulting equation for the boundary layer problem is the heat conduction equation which can be treated by well-known techniques.
It is the purpose of this paper to indicate a modification of this procedure and to demonstrate its simplicity and accuracy by treating the axisymmetric laminar flow of a compressible gas with arbitrary but constant external flow. The modification is based on the use of the von Mises transformation with a subsequent linearization of the viscous term, rather than the linearization of the convective term. Pai's problem [3] , originally treated by a finite difference technique, is considered to illustrate the effectiveness of this method.
2. Analysis. The problem of an axisymmetric jet in a viscous compressible fluid of uniform pressure is described by a set of equations known as the boundary layer equations. This set of equations, expressing the conservation of mass, momentum, and energy, may be written as {pur) + £ (pvr) = 0, where x and r represent the axial and radial coordinates, u and v are the axial and radial velocity components, p and T are the density and the temperature, and cP , X, and n are the specific heat at constant pressure, and the coefficients of heat conduction and viscosity, respectively.
A dimensionless stream function ^ = (x3>/2)2 is introduced to obtain the relation sMD'-pW; £(!)"=-» w,
where starred quantities defined by x* -x/rt , r* = r/r,-, u* = u/u0 ,v* = v/u0 , p* = p/p0 , and p.* = m/mo are dimensionless variables, with rf , u0 , p0 , and no as reference distance, velocity, density, and viscosity coefficient, respectively. Under the von Mises transformation, with \I> and x* as new independent variables, the differential operators become wherever p*u* is not a function of <Sr. The condition of symmetry at the axis, namely d(pu)/d\f/ = 0 is a particular case where this condition is satisfied identically. An expansion of the term p*u*r*2 in the neighborhood of the axis will, therefore, produce as its leading member the term SIr2/2. Consider, in the spirit of Carrier, the approximation p.*p*u*r*2 = j(x') ,
and let £ = f /(*') dx'. 
where A', B', and C' are constants depending on the initial conditions. Once this relation is derived, integration of Eq. be the error involved in this approximation. It is clear from Eq. (11) that for any given value of f(x') can be chosen in such a way as to make E vanish. In particular, in the neighborhood of the axis, it can be easily verified from Eq. (9) that f(x') = 2m*(z'). 
Jo where the subscript (/s) indicates free stream conditions. When /(x') is determined, the inversion is completed by the integration Consideration of Eq. (11) makes it clear that the determination of j(x') is possible only after the inversion of r* is completed. While this determination can be carried out by a numerical integration, a further approximation is desirable for simplifying the method.
Using Eqs. (11) and (12b), a first approximation for f(x') is given by I (n*p*u*r*2)\I> d^ + I fa*p*u*r*2)y d& where allowance is made for possible discontinuity in the quantity p*u* at the jet boundary ^ . However, at the injection cross section (x = 0), the jet boundary streamline SP,-coincides with the free stream value Sf7, . Therefore, Eq. 
where p*w* is a constant specified by the initial conditions. Combination of Eqs. (14) and (15) gives /(0) = 2m1 (0) and consequently, from Eq. (13),
and the inversion is completed.
3. Numerical example. The application of this method will now be illustrated by considering the injection of a uniform jet into a uniform external flow (Fig. 1) . Let u* and u* represent the initial jet and external velocities, respectively. The initial conditions can be taken as To compare this analysis with exact solutions a calculation is carried out for a set of initial conditions which are the same as those of Pai [3] , viz., The author is indebted to Professor Paul A. Libby for suggesting this problem and for his advice. He also wishes to thank Professor Lu Ting for his suggestion to use the von Mises transformation to attack this problem.
